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1 .  INTRODUCTION 


This  report  presents  results  from  the  application  of  a  classifica¬ 
tion  scheme  designed  for  synoptic  scale  atmospheric  refractive  conditions 

which  affect  radar  propagation  to  the  surface  layer  refractive  index  struc- 

2 

ture  function  parameter,  Cn  .  The  classification  scheme  is  described  in 

the  Refractive  Effects  Guidebook  (REG)  (Rosenthal,  1976).  It  is  referred 

to  in  this  report  as  the  REG  classification.  Also  described  herein  are  the 

2 

results  of  an  analysis  of  the  horizontal  homogeneity  of  Cn  from  data  taken 

in  the  North  Atlantic  during  the  JASIN  study  in  1978. 

2 

The  REG  classification  was  applied  to  Cn  by  McPherson  (1981).  This 

report  includes  a  re-evaluation  of  most  of  the  data  sets  used  by  McPherson, 

and  further  includes  data  from  two  cruises  in  the  Pacific.  One  of  the 

cruises  took  place  in  the  summer,  (MABLE),  the  other  in  early  winter 

(STREX).  Additional  data  from  JASIN  were  also  included  in  this  analysis. 

2 

CR  values  were  estimated  by  the  bulk  method  and  examined  according  to  REG 

category  for  value  ranges,  diurnal  variation  and  probability  distributions. 

2 

The  bulk  method  relates  Cn  to  wind,  temperature  and  humidity  through  the 

2  2 

structure  functions  and  C^q. 

2 

Horizontal  homogeneity  of  Cn  was  examined  on  the  basis  of  the  JASIN 

data  set  in  which  concurrent  data  were  available  from  three  ships  in  the 

2 

'JASIN  triangle*.  The  bulk  method  was  used  to  estimate  Cn  at  each  corner 
of  the  triangle,  and  horizontal  homogeneity  was  determined  within  the 
accuracy  limits  of  the  measurement  errors  and  the  bulk  parameterization. 


2.  SYNOPTIC  CLASSIFICATION  AND  CN2 
2.1  REG  CLASSIFICATION  SYSTEM 

The  REG  was  designed  to  relate  atmospheric  electro-magnetic  (EM)  re¬ 
fractive  conditions  to  synoptic  weather  patterns.  Since  optical  turbulence 
depends  on  the  same  parameters  as  EM  propagation  anomalies  (near-surface 
stability,  height  and  strength  of  inversion),  synoptic  regimes  associated 
with  radar  refractive  conditions  would  be  expected  to  be  associated  with 

optical  turbulence  conditions.  Various  optical  turbulence  condtions  would 

2 

be  reflected  in  the  values  of  C  encountered  under  different  REG  synoptic 

n 

categories. 

In  this  study,  REG  categories  were  assigned  to  each  day  of  the  ex¬ 
periments  on  the  basis  of  surface  weather  maps.  The  terms  REG  category  and 
REG  regime  will  be  used  interchangeably  throughout  this  report.  The  REG 
diagram  for  the  appropriate  ocean  and  season  was  used  to  determine  which 
REG  category  applied  to  the  region  in  which  the  experimental  data  were  col¬ 
lected.  The  entire  data  set  encompssed  seven  of  the  eleven  REG  regimes:  B, 
C,D,E,F,J  and  K.  In  Table  1  are  presented  the  REG  ducting  conditions,  the 
type  of  temperature  inversion  and  air  mass  for  each  of  these  profile  types. 

Figures  la-lh,  reproduced  from  the  REG,  are  synoptic  charts  for  the 
North  Pacific  and  North  Atlantic,  superimposed  with  REG  category  regimes. 
They  represent  typical  synoptic  patterns  found  in  each  ocean  during  all 
four  seasons  of  the  year.  The  experiments  in  this  study  spanned  all  seasons 
and  occurred  in  both  the  North  Atlantic  and  North  Pacific. 

The  REG  is  based  on  air  mass  properties  and  inversion  heights.  If 
it  can  be  used  to  delineate  different  optical  turbulence  regimes,  it  would 
be  useful  in  predicting  periods  of  high  turbulence  in  which  the  performance 
of  electro-optical  systems  would  be  ser  'usly  degraded. 


Profile _ Ducting _ 

B  strong,  surface  based, 
top  near  2000  ft. 


TABLE  1 

Profile  Conditions 

Temperature  Inversion 

Moderate , 

elevated 


Air  Mass 
Subtropical 


very  low,  based  at  or 
just  above  surface, 
top  near  600  ft. 


Strong , 
surface  based 


Polar 


sharp,  elevated,  based  Moderate, 

near  1500  ft.,  top  at  elevated 

2300  ft. 


Modified  Polar 


sharp,  deep,  elevated.  Strong 

base  near  4000  ft.,  elevated 

top  at  5700  ft. 


Tropical 


very  sharp,  high,  ele¬ 
vated  ,  base  near  9200 
ft.,  top  near  10300  ft. 


Modified  Tropical 


multiple  ducts  and  sub- 
refractive  layers  up  to 
8000  ft. 


Modified  Tropical 


no  significant 
refractive  layers 


standard , 

well-mixed 

atmosphere 


Temperature 


North  Pacific,  Winter 


Figure  1.  REG  profile  regions  and  typical  synoptic  patterns 
the  North  Atlantic  and  North  I’acific. 


North  Pacific,  Summer 


North  Pacific,  Fall 


North  Atlantic,  Summer 


North  Atlantic,  Fall 


2.2 


METEOROLOGICAL  DATA 


2.2.1  Experiments 

The  data  came  from  nine  experiments  conducted  in  both  the  Atlantic 
and  Pacific  under  widely  varying  meteorological  conditions.  In  Table  2  the 
experiments  in  which  the  data  were  collected  are  listed,  along  with  the 
specific  ships  involved,  location,  dates,  and  the  number  of  days  in  each 
experiment  with  particular  REG  categories.  Appendix  A  contains  specific 
information  regarding  REG  categories  and  individual  experiment  dates. 


TABLE  2 

Experiment  Summary 


Experiment 

Ship 

Location 

Dates 

REG 

profiles 

KANE 

USNS  Kane 

mid-Atlantic 

Mar  1978 

14B, 

1J 

MAGAT 

R/V  Acania 

Monterey  Bay 

Apr-May  1980 

6D, 

6E 

CEWC0M-7  8 

R/V  Acania 

east  Pacific 

May  1978 

2D, 

3E, 

5F 

CTQ 

R/V  Acania 

Monterey  Bay 

Jun  1979 

6B, 

ID 

ARB 

R/V  Acania 

east  Pacific 

Jul  1977 

5B, 

3D 

MABLE 

R/V  Acania 

east  Pacific 

Aug  1978 

7B, 

ID, 

8E , 

2J 

JASIN 

J.  MURRAY 

G.  ENDURER 

HECLA 

METEOR 

CHALLENGER 

no.  Atlantic 

Jul-Sep  1978 

IB, 

31D, 

5J, 

2  OK 

CEWC0M-7  6 

R/V  Acania 

east  Pacific 

Sep-Oct  1976 

3D, 

7E, 

5F, 

3K 

STREX  Oceanographer 

Gulf  of  Alaska 

Nov-Dec  1980 

2B, 

4C, 

8D, 

1J, 

2.2.2  Data  Acquisition 


Measurements  of  wind  speed,  air  and  sea  temperature  and  humidity  were 
2  2 

required  to  calculate  .  Surface  layer  values  are  very  insensitive  to 
pressure,  so  a  value  of  1000  mb  was  used  for  all  experiments  except  JASIN,  for 


which  pressure  measurements  were  available.  Instrumentation  varied  from  ship 


to  ship,  but  most  of  the  data  examined  here  were  obtained  by  the  Environmental 


Physics  Group  (EPG)  of  the  Naval  Postgraduate  School  (NPS).  Several  reports 


exist  which  discuss  the  instruments  used  on  particular  NPS  experiments. 


Schacher  et  al  (1980)  describes  the  NPS  instrumentation  used  on  the  R/V 
Acania,  the  NOAA  ship  Oceanographer,  and  HMS  Challenger.  Fairall  et  al  (1978) 
describes  the  instrumentation  used  on  the  USNS  KANE,  and  Spiel  (1981)  gives 
further  information  regarding  NPS  instrumentation  and  data  gathered  on  the 
Oceanographer.  A  brief  summary  of  NPS  measurement  instruments  and  accuracies 
is  provided  here. 

Wind  speed  was  measured  with  cup  anemometers;  the  accuracy  of  the 
various  anemometers  used  ranged  from  1%  to  5%.  Air  temperature  measurements 
were  made  with  either  a  quartz  oscillator  thermometer  or  Roseraount  platinum 
resistors.  The  accuracy  of  the  quartz  oscillator  thermometer  is  0.01  C;  the 
Rosemount  system  has  an  accuracy  of  0.2  C.  Sea-surface  temperature  was  also 
measured  with  a  platinum  resistor  with  a  0.2  C  accuracy.  Humidity  was  deter¬ 
mined  either  by  measuring  relative  humidity  with  a  LiCl  cell,  having  a  3% 
accuracy,  or  by  measuring  dewpoint  temperature  with  a  platinum  resistor  system 
accurate  to  0.22  C. 

The  JASIN  shipboard  data  from  the  METEOR,  ENDURER,  HECLA  and  MURRAY 
included  hourly  observations  of  wind  speed,  air,  wet  bulb  and  sea-surface 
(bucket)  temperatures,  and  pressure.  The  accuracy  of  the  temperatures  was  0.2 
C,  of  pressure,  1  mb  and  of  wind  speed,  1  kt  (.515  m  s  ^).  Documentation 
exists  on  the  JASIN  experiment  and  the  reader  is  referred  to  the  Royal  Society 
(1978)  and  Royal  Society  (1979)  reports  for  further  information.  Inter¬ 
platform  measurement  comparisons  between  the  four  ships  were  made  by  Macklin 
and  Guymer  (1980).  Their  corrections  to  the  raw  data  were  applied  to  the 
measurements  used  in  this  study. 

Figure  2  illustrates  the  instrumentation  arrangements  used  aboard  the 
ships.  Table  3  presents  values  of  accuracy  assumed  for  the  entire  data  set. 
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TABLE  3 


Accuracy  of  Meteorological  Parameters 


Parameter  Accuracy 

wind  speed  5% 

air  temperature  0.22  C 

sea  surface  temperature  0.22  C 

relative  humidity  3% 

pressure  1  mb 


2.3  C  2  CALCULATIONS 
n  - 

With  the  exception  of  JASIN  data  from  the  METEOR,  HECLA,  ENDURER  and 

2 

MURRAY,  data  were  available  in  the  form  of  30  minute  averages.  C^  was  cal¬ 
culated  for  each  observation  period  using  the  bulk  method.  The  midpoint  of 
the  observation  period  was  rounded  to  the  nearest  hour;  all  sets  of  data 
occurring  within  the  same  hour  were  averaged,  giving  hourly  averaged  values  of 
C^  ,  air  and  sea  temperature,  stability  (Z/L),  wind  speed  and  relative 
humidity.  The  JASIN  data  from  the  four  ships  mentioned  above  consisted  of 
hourly  values  available  every  three  hours;  it  required  no  further  averaging. 


2.3.1  Bulk  Aerodynamic  Method 


The  bulk  aerodynamic  method  of  estimating  Cn  relates  the  optical 

refractive  index  structure  function  parameter  to  temperature  and  humidity 

2  2 

through  their  structure  function  parameters  (C^  and  C^  ,  respectively)  and 
through  C^p,  the  temperature-humidity  cospectral  structure  function  parameter. 


This  is  expressed  in  Eqn.  (1)  (Friehe,  1977): 

Cn2  =  (79xl0-6  P/T2)2  (CT2  +  .113  CTQ  +  3.2xlO'3  CQ2)  (1) 

Fairall  (1980)  provides  a  full  discussion  of  the  bulk  method  used  for 
2 

estimating  C^  .  The  symbols  used  in  all  equations  are  explained  in  Table  4. 
2  2 

C^,  ,  Cq  and  C.^  can  be  calculated  using  Monin-Obukhov  similarity  parameters 
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T*  (potential  temperature  scaling  parameter)  and  q*  (water  vapor  mixing  ratio 
scaling  parameter)  as  follows: 


CT2  =  T*2  Z'2/3  f(0 
CQ2  -  Q*2  Z‘2/3  Af(C) 

CTQ  =  rTQ  T*Q*  Z'2/3  Af(?) 


where  QA  *  1.3  q* 

5  -  Z/L 

f(C)  -  4. 9(1-7  5): 


f(0  -  4. 9(1-7  ?)  '  if  5  <  0 

*  4.9(14-2.4  s2/3)  if  5  >  0 

In  this  study  the  similarity  parameter  equations  were  modified  in 
unstable  cases  in  which  C  <  -1  using  local-free  convection  scaling  (Wyngaard, 
1973).  The  modifications  are  discussed  in  section  2.3.2.  The  Monin-Obukhov 
length  scale  L,  is  defined  as: 

,  kg  (T*  +  6.1  x  10~4  Tq*) 

L  *  T  ~2  ^3^ 

2 

To  estimate  Cn  using  Eqn  (1)  all  that  remains  to  be  determined  are  T*, 
9*  and  the  friction  velocity,  U* .  These  scaling  parameters  may  be  related  to 
the  difference  between  the  value  of  the  bulk  meteorological  quantity  at  a 
reference  height  Z*  and  the  surface  through  the  profile  equations  (Businger, 
1973): 


u*  = 

kU(*n(Z'/ZQ)  -  ^U'))-1 

(4a) 

T*  - 

(T-Tq)  aTk(in(Z'/ZoT)  -  ^(O))"1 

(4b) 

9*  - 

(q-qo)  aTk(tn(Z’/ZoT)  -  ^(O))"1 

(4c) 

where  the  subscript  o  refers  to  surface  values. 
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The  velocity  and  temperature  profile  functions  are  defined  as  Businger, 


1973): 

-  2  in[(l+x)/2]  +  tn[(l+x2)/2]  -  2  tan'1  (x)  +  tt/2 
x  -  (1  -  15  S')1/A  if  V  <  0 

♦jCC)  -  -4.7  V  if  V  >  o 

*2(V)  -  2  tn[(l+x)/2] 

x  -  (1  -  9  C')1/2  if  V  <  0 

*2(S')  -  -6.5  V  if  ?’  >  0 

The  scaling  parameters  may  also  he  expressed  in  terms  of  stability 


dependent  drag  coefficients: 


1/2 

T*  -  cTl/Z(T-To) 
q*  -  cTl/2(q-qo) 

where  the  drag  coefficients  are: 


(5a) 

(5b) 

(5c) 


1/2  k/tn(Z’/Z0) 

q  *  m  —  ■  i  — -  — 

°  l-(tn(Z’/Zo))'1  ^(C') 

c  1/2  _  «Tk/in(zyzoT) _ 

T  HMZ'/z^))'1  *2Ur) 

It  is  assumed  that  the  water  vapor  dependencies  can  be  treated  with  the 
same  coefficients  as  the  temperature,  i.e.  ZqT  and  cT  are  used  for  q  as  well 
as  T. 

For  all  cases  except  a  portion  of  the  JASIN  data,  values  of  U*  and  T* 
(calculated  by  the  bulk  method)  and  5  (with  Z  ■  10)  were  readily  available. 

It  was  necessary  to  calculate  only  q*.  This  was  done  by  multiplying  both 
sides  of  Eqn  (3)  by  Z  and  solving  for  q*: 


q* 


(U*  *T>  (ZkS)  -  T, 

6.1  x  10"4  T 


(6) 


Data  available  for  most  of  the  JASIN  ships  included  hourly  measurements 
of  wind  speed,  air  temperature,  wet  bulb  temperature  and  relative  humidity  at 
the  instrument  height,  sea- surface  temperature  and  surface  pressure.  From 
these,  Z/L  was  calculated  from  the  bulk  formulas  using  an  iterative  procedure 
(Fairall,  1980),  during  which  wind  speed,  temperature,  and/or  mixing  ratio 
(depending  on  the  ship)  were  scaled  down  from  instrument  height  to  10  meters 
using  the  methods  outlined  in  section  2.3.3.  The  CHALLENGER  data  were  in  the 
same  format  as  that  from  all  of  the  other  experiments. 


TABLE  4 


Symbol  Definitions 


k 

g 

q 

U 


pressure  (mb) 
temperature  (K) 

1.3  q*  (q*  in  gkg-1,  Q*  in  gm-3) 
measurement  height  above  the  surface  (m) 
reference  height  above  the  surface  (m) 
roughness  length  for  velocity  profile 
2x10  3  *  roughness  length  for  temperature 
profile  (Fairall,  1980) 

Monin-Obukhov  length  scale  (m) 

Z/L 

Z'/L 

0.8  (Fairall  et  al.,  1980) 

temperature-humidity  correlation  parameter 

0.8  under  unstable  conditions,  not  well  known 

under  stable  conditions  (Fairall  et  al.,  1980) 

0.35  =  von  Karman's  constant 
_2 

9.8  m  s  =  acceleration  due  to  gravity 
mixing  ratio  (gkg  3) 

10  m  wind  speed  (ms  3) 

1.35  =  ratio  of  heat  transfer  to  momentum 
transfer  at  Z«0  (Businger  et  al.,  1971) 


2.3.2  Free  Convection  Scaling 

Wyngaard  (1973)  discussed  scaling  in  the  asymptotic  cases  on  both  the 
moderate  stable  side  (z-less  stratification)  and  the  moderate  unstable  (free 
convection)  condition.  Since  most  of  the  data  used  in  this  study  involved  un 
stable  regimes  (see  Appendix  B) ,  we  will  not  discuss  z-less  stratification. 

Under  free  convection  conditions  the  scaling  parameters  U*,  T*  and  Q* 
are  replaced  by  u^,  and  Q^.  Expressions  for  u^,  and  are: 


-  (ZTfvg/T)w^ 


(7a) 


tm 


p.-;. 


'V 


Tf 

=  T*U*/Uf 

(7bl 

=  Q*u*/uf 

(7  c) 

where 

s 

Tf 

fv 

-  (TvQc2/gZ)1/3 

Qo 

“  w’e*  -  -  T*vu* 

T*v 

=  (6  -  9  )  C  (?) 

vz  vo  9 

=  aTk(*n(Z/ZoT)  -  ^2(0)_1 

{ 

sa 

ce(0 

■V' 

The  equations  for  the  structure  function  parameters  are: 

[y. 

„  2 

„  2  -2  /3  „  „ 

(8a) 

CT 

=  Tf  Z  2.7 

2  -2  /3 

=  Qf  Z  Z/J  2.7A 

(8b) 

. 

CTQ 

_  T  _  „-2/3  .1/2  0  7 

"  TfQfZ  rT0A  2,7 

(8c) 

i  2.3.3  Scaling 

& 

The  STREX 

data  were  available  at  the  instrument  height  of  28  m. 

rather 

.  ■*  * 


i/'. 

m 


than  10  m.  To  make  this  data  compatible  with  that  from  the  other  experiments, 


quantities  were  scaled  down  to  values  applicable  at  10  m  using  the  methods 

2 


outlined  below.  First  Cn  will  be  discussed,  followed  by  temperature, 
humidity,  and  wind  speed. 

Eqn.  (1)  can  be  written  in  terms  of  P,  T,  structure  function  parameters 
and  constants  as: 


C„2  -  (^P/T2)2  (CT2  +  k2  CTQ  +  k3  C„2> 


,-6 


-3 


where  k.  =  79x10  ,  k„  =  .113,  k-  =  3.2x10 


Substitution  from  Eqn  (2)  yields: 


?  P L  f'X  O  I/O  J 

c/=-^(Z  f(Z/L))  (T/  +  k2rTQ  T*Q*A  +  k3Q/A) 


The  scaling  parameters  T*  and  Q*  do  not  vary  with  height  in  the  su 
2  2 

The  ratio  of  C  at  10  m  to  C  at  an  instrument  height  of  Z.  m  ca 
n  n  l 

expressed : 


2  (10"2/3)  f(10/L) 

So  v _ 

c  2  pz  2 

nZ  -2/3 

i  “T*  (Z.  f(Z./L) 

% 

^lO^Zi5  =  15  Cnl0  ls  thus: 


T  4 

r  2  r  2  <  ZS  r^"2/3  /  f(l°/L). 

nlO  ~  °nZ1  41q;  4/  4(Z./L); 


In  the  case  of  temperature  and  mixing  ratio,  using  X  to  repr 
either  quantity,  Eqns  (4b  and  4c)  lead  to 


<^J1"(10/ZOT> 


-  *2(10/l)]  +  Xc)  — 


*  x0) 


where  the  term  a^k/X*  has  been  added  for  simplification. 
Solving  for  X^,  the  scaling  equation  is: 


X10  "  xZl  < 


ln(10/ZoT)  -  i,  ( 10/L) ]  +  Xq  -i- 


ll"<VZoT>  ~  VZi/L)l  +  Xo~X 
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To  scale  the  wind  Eqn  (4a)  is  used  in  conjunction  with  the  neutral 
stability  drag  coefficient,  CDfj»  which  is  defined  as: 


1/2  _ 


=  k(An(Z'/Z  )) 


This  can  be  solved  for  Z  : 

o 


Zo  -  ze  (i: 

From  Eqn  (4a)  the  ratio  of  the  wind  speed  at  10  m  to  wind  speed  at  m  is: 


U10  IT  f*n<10/zo)  -  %(10/L)] 
__ 

1  ir  t^yy  -  yyio] 


uio  k  si/2  - 

Uz  "  InUjZJ  -  yyio 


substituting  for  ZQ  from  Eqn  (11): 


U10  =  UZ, 


[K  C-/2  -  *.(10/L)] 
10 


[  in(Z1/10  e 


)  -  *1(Z1/L» 


2.4  RESULTS  -  C  VS  REG  PROFILE 
-  n  - 


In  considering  the  results  of  the  REG  profile  portion  of  the  study  it 
is  well  to  keep  in  mind  the  number  of  days  encountered  with  each  profile  type. 
Table  5  lists  the  number  of  days  of  each  REG  profile,  along  with  the  number 


of  hourly  averaged  observations. 
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TABLE  5 


REG  Breakdown  of  Observations 


REG  Profile 

Number  of  Days 

Number  of  Observations 

B 

35 

467 

C 

4 

69 

D 

55 

648 

E 

24 

400 

F 

10 

142 

J 

9 

106 

K 

40 

534 

It  is  sometimes  quite  difficult  to  distinguish  between  E  and  F  days 

using  synoptic  maps  to  classify  a  location  according  to  the  REG.  In  view  of 

this  the  two  profile  types  were  grouped  together.  The  relatively  low  number  of 

observations  in  the  C  and  J  categories  should  be  remembered  when  considering 

2 

results  which  are  determined  according  to  hour  of  the  day.  The  units  of 

-2  /3 

values  presented  in  this  report  will  always  be  m 

Figure  3  is  a  cumulative  frequency  plot.  We  believe  this  can  give  much 

2 

insight  into  the  distribution  of  C  for  various  REG  categories.  Table  6 

n 

2 

lists  values  at  the  75%,  50%  and  25%  levels  as  shown  in  the  graph. 

TABLE  6 


Cumulative  Frequency  of  Cn 


REG  Profile 

75% 

50% 

25% 

B 

7 . 9xlO~16  nf2/3 

,  n  in-15  -2/3 

1.0x10  m 

,  n  in-15  -2/3 

A.  0x10  m 

C 

6 . 3xlO-16 

1 . 6xl0_1 5 

3 . 5x1 0-15 

D 

1.5xlO-16 

l.OxlO"15 

3.7xl0~15 

E&F 

6.3xl0“16 

1.6xl0-15 

3.2xlO~15 

J 

1 . 3xl0-16 

5.0xl0-16 

1.6xl0~15 

K 

2. 5xl0~16 

1 . 6xl0_1 5 

6 . 3xl0_1 5 

Table  6  and  Fig.  3  illustrate  that  even  for  category  J  25%  of  the  time  light 
turbulence  can  be  expected;  values  for  K  profiles  are  much  larger  at  this 
level . 

o 

Another  way  to  interpret  Fig.  3  is  to  consider  what  percentage  of 
values  are  larger  than  a  certain  threshold  value.  Table  7  shows  that  for  REG 

profiles  C  and  K  it  will  not  be  uncommon  to  encounter  values  greater  than 

-14  -15 

1x10  .  For  all  categories,  values  greater  than  1x10  will  frequently 

occur . 

TABLE  7 

2 

Percentage  of  Cn  Values  Greater  Than  Threshold 


Threshold : 

<»-2/3) 

REG  Profile 

1x10  15 

% 

lxl  O' 

% 

B 

68 

5 

C 

61 

19 

D 

50 

5 

E&F 

60 

5 

J 

34 

5 

K 

56 

13 

Figure  4  shows  the  frequency  distribution  of  each  REG  profile.  In 

nearly  all  categories  a  sharp  cut-off  exists  at  the  high  end;  the  low  end  of 

the  curve  often  trails  off  in  a  long  tail.  Categories  B  and  E&F  present 

sharply  peaked  curves,  while  the  distributions  for  D,  J  and  K  are  more  spread 

out.  Due  to  the  relatively  small  sample  size  for  type  C  it  is  difficult  to 

determine  to  which  group  it  belongs.  Profiles  C,  D,  and  K  have  the  largest 
2 

values  of  C  associated  with  them.  K  occurs  around  the  center  of  a  low 
n 

pressure  system;  P  profiles  are  found  after  the  passage  of  a  cold  front,  and  C 
is  associated  with  a  polar  air  mass  (see  Figure  1). 
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Figure  5.  Logarithm  of  largest  values  of  C  encountered  each  hour 

during  all  days  entire  data  set  with  specified  REG  profile 
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O  O 

Considering  C^  on  a  diurnal  basis,  Fig.  5  presents  the  largest  Cn 
value  found  at  each  hour  of  the  day,  according  to  the  REG  category.  The  small 
numbers  along  the  bottom  of  the  graphs  are  the  number  of  hourly  averaged  ob¬ 
servations  available  at  each  hour.  It  is  obvious  from  Fig.  5  as  it  was  from 
Fig.  4  that  the  largest  values  are  found  with  profiles  C,  D,  and  K.  Further¬ 
more,  there  is  no  apparent  diurnal  variation  in  the  maximum  value.  J  has 
lower  maxima  than  any  other  REG  profile  type;  however,  the  small  sample  size 
for  J  may  have  contributed  to  this  result. 

2 

Turning  next  to  the  mean  values  of  Cn  ,  Fig.  6  again  shows  no  diurnal 
variation.  The  error  bars  in  Fig.  6  are  the  standard  deviation  of  the  mean. 
There  is  not  enough  data  at  each  hour  for  types  C  and  J  to  give  any  insight 
into  their  mean  values.  REG  regime  K  appears  to  have  slightly  higher  mean 
values  than  the  other  regimes.  There  is  very  little  difference  between  the 
mean  values  of  profiles  B,  D  and  E&F.  The  oscillatory  nature  of  the  K  graph 
is  thought  to  be  due  to  the  fact  that  K  days  were  encountered  mainly  in  two 
experiments,  JASIN  and  STREX.  Most  of  the  JASIN  data  were  available  at  3-hour 
intervals  (the  hours  at  which  the  lowest  means  occur).  It  is  not  known  for 
certain  whether  the  variation  in  mean  values  is  due  to  differing  atmospheric 
conditions  between  the  two  experiments  (JASIN  occurred  during  summer  in  the 
North  Atlantic,  and  STREX  during  winter  in  the  Gulf  of  Alaska)  or  different 
data  handling  techniques.  The  fact  remains  in  either  case  that  profile  K  has 
slightly  higher  mean  values  than  the  other  regimes. 
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3.  HORIZONTAL  HOMOGENEITY  OF  C  2 

n 

3 . 1  METEOROLOGICAL  DATA 

3.1.1  Experimental  Location 

2 

Surface  layer  C^  was  studied  with  respect  to  horizontal  homogeneity 
using  data  from  the  1978  JASIN  experiment.  Concurrent  data  were  available 
every  three  hours  from  three  ships  during  two  periods  of  time.  The  latitude 
and  longitude  of  the  corners  and  center  of  the  triangle  were  as  follows: 

NW  60.25N  14. 5W 

NE  60.25N  10. 5W 

S  59.00N  12. 5W 

Center  59.77N  12. 5W 

The  length  of  each  leg  is  approximately  200  km.  A  ship  was  stationed  at  each 
corner . 

The  first  period  (Case  I)  was  45  hours  long,  from  7  August  0000  GMT  to 
8  August  2100  GMT.  Case  IT  extended  for  two  weeks,  from  22  August  0000  GMT  to 
4  September  1800  GMT.  Data  were  collected  from  the  same  area  in  both  cases. 
Figure  7  shows  the  experimental  area  in  the  North  Atlantic.  The  ship  at  the 
northwest  corner  of  the  JASIN  triangle  throughout  the  experiment  was  the 
GARDENER  ENDURER;  the  METEOR  was  at  the  south  corner.  During  Case  I  the  JOHN 
MURRAY  was  stationed  at  the  northeast  corner  while  HECLA  was  the  northeast 
ship  during  Case  II . 

2 

3.1.2  Data  Acquisition  and  C  Calculations 

Meteorological  measurements  made  aboard  all  four  ships  involved  in  this 
portion  of  the  study  were  described  in  Section  2.2.2  and  included  measures  of 
air  and  sea-surface  temperatures,  humidity,  v.’i r.d  speed  and  temperature.  Sec¬ 
tion  2.3.1  outlined  the  application  of  the  bulk  aerodynamic  method  in  estimat- 
2 

ing  C  from  the  JASIN  data. 


HORIZONTAL  HOMOGENEITY  DETERMINATION 


The  bulk  method  has  been  verified  for  calculating  optical  turbulence 

2 

over  water  by  Davidson  et  al •  (1981).  It  was  determined  that  values  of  C 

n 

can  be  estimated  to  within  a  factor  of  2  using  the  bulk  method  in  equilibrium 
situations.  This  range  includes  inaccuracies  due  to  instrument  errors.  It  is 
assumed  here  that  the  atmosphere  was  generally  in  equilibrium  in  the  region  of 
the  JASIN  triangle  during  both  Case  I  and  Case  II. 

2 

Given  the  factor  of  2  accuracy,  a  bulk  estimate  of  C^  will  fall  in  the 

range 

12  2  2 
yCz  <C  <  2C  * 

nTrue  nBulk  nTrue 

or,  in  log  space, 

log  C  2  -  log  2  <  C  2  <  log  C  2  +  log  2 

"True  nBulk  nTrue 


2  2 

With  an  error  in  log  C  of  log  2,  horizontal  homogeneity  of  C  between 

"Bulk 

two  points  A  and  B  was  assumed  to  exist  if: 


[log  C  2  -  log  C  2  |  <  /(log  2)2  +  (log  2 )2 
A  B 


(13) 


The  criterion  in  Eqn  (i3)  was  used  to  determine  periods  of  horizontal 

2 

homogeneity  in  C^  along  each  leg,  or  sector,  of  the  JASIN  triangle.  The 

sectors  were  labeled  as  shown  below: 

1 


Sector  homogeneity  was  determined  for  each  measurement  period  by  applying  Eqn 

2 

(13)  to  the  bulk  C^  values  calculated  for  the  two  ships  at  either  end  of  the 


sector . 


If  sector  homogeneity  existed  along  all  three  sectors  during  a  measure¬ 
ment  period,  then  areal  homogeneity  was  said  to  exist  for  that  measurement 
time. 
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3.3  SYNOPTIC  SITUATION  AND  REG  REGIME 

During  Case  I  the  JASIN  triangle  was  under  the  influence  of  a  high 
pressure  ridge  which  drifted  to  the  east  as  a  trough  approached.  Surface 
winds  were  northerly  and  light.  Both  7  August  and  8  August  were  classified  as 
REG  type  D  days  in  the  area.  Figure  8a  shows  surface  weather  maps  for  Case  I 
with  the  experimental  area  indicated  by  the  triangle. 

The  Case  II  situation  was  more  variable.  On  22  August  a  cold  front 
approached  which  passed  over  the  area  on  23  August.  This  was  followed  by 
cold,  dry  air  which  persisted  through  24  August.  On  25  August  the  humidity 
increased  as  a  warm  front  approached  and  passed  through  the  triangle.  The 
region  was  dominated  by  a  high  pressure  system  from  26  through  28  August  when 
an  occluded  front  slowly  neared.  This  passed  by  on  29  August  bringing  colder, 
drier  air.  The  area  was  in  a  warm  sector  on  30  August,  then  a  cold  front 
passed  through  early  on  31  August.  Late  on  1  September  a  warm  front  approached 
which  went  through  the  area  the  next  day.  Another  warm  front  approached  on  3 
September  and  passed  through  on  4  September. 

Most  of  the  days  during  this  Case  were  classified  as  REG  D  profile 
days.  The  exceptions  were  2  and  4  September  which  were  J  days,  and  3  Septem¬ 
ber  which  was  a  K  day.  Figure  8b  shows  surface  weather  maps  for  Case  II. 

3.4  RESULTS  -  HORIZONTAL  HOMOGENEITY  OF  C  2 

-  n 

3.4.1  Episodes  of  Surface  Layer  Homogeneity 

2 

As  expected,  horizontal  homogeneity  of  surface  layer  existed  more 
often  along  individual  legs  of  the  JASIN  triangle  than  over  the  entire  area. 
The  percentage  of  measurement  periods  (hourly  averages,  available  every  three 
hours),  during  which  areal  homogeneity  existed  was  larger  in  Case  I  than  Case 
II;  the  latter  period  was  much  longer  and  included  several  different  weather 


patterns . 
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DAILY  WEATHER  MAPS 


.  of  ships  on  station  ,  R  =  intensive  radiosondes  ,  A  =  aircraft  Operating  ,  I  s  full  intercomparison 
:eanographic  multiship  experiment 


intensive  radiosondes  ,  A  =  aircraft  operating  ,  1  =  full  mtercomparison 


no  of  ships  on  station  ,  R  =  intensive  radiosondes  ,  A  =  aircraft  operating  ,  I  =  full  intercomparison  , 
oceanographic  multiship  experiment 


Figure  9  indicates  for  both  cases  the  percentage  of  measurement 


periods  during  which  horizontal  homogeneity  existed  along  each  sector  and 
over  the  entire  area. 


Case  I 


37.5 


Case  |  ; 


40.2 


Figure  9.  Percentage  of  measurement  periods  in  which  sector  and 

horizontal  homogeneity  of  C  “  existed  during  Case  I  and 
Case  II  of  JASIN.  n 


This  figure  illustrates  the  fact  that  horizontal  homogeneity  in  surface 
2 

layer  Cn  can  exist  over  200  km  for  periods  as  long  as  45  hours  (Sector  2  Case 
1) .  Table  8  lists  all  the  episodes  of  homogeneity  for  Case  I. 

Table  8 

2 

Periods  of  Horizontal  Homogeneity  of  Cn  during  Case  I 
_ Sector  1 _ Sector  2 _ Sector  3 _ Areal _ 

'ft  "ft 

7  Aug  0000-0000  7  Aug  0000-  7  Aug  0000-0000  7  Aug  0000-0000 

7  Aug  0600-0900  8  Aug  2100  7  Aug  0600-2100  7  Aug  0600-0900 

7  Aug  1500-2100  7  Aug  1500-2100 

* 

only  one  measurement  period  indicated  homogeneity 

Case  II  results  are  shown  in  Fig.  10.  The  leftmost  set  of  bars  are  for 

cases  in  which  homogeneity  existed  during  only  1  measurement  period,  the 

second  set  arises  from  2  consecutive  homogeneous  measurement  periods,  and  so 

2 

on.  It  can  be  seen  that  it  is  possible  to  have  homogeneity  in  Cfl  over  the 
whole  area  for  periods  lasting  between  9  and  12  hours,  although  such  a  case  is 
rare . 

3.4.2  Factors  Influencing  Homogeneity 

Since  nearly  all  of  the  days  involved  in  both  Cases  studied  here  were 

REG  D  days  it  was  not  possible  to  determine  the  relationship,  if  any,  between 

2 

the  REG  classification  and  horizontal  homogeneity  in  Cn  .  In  addition,  there 

was  no  clear  pattern  evident  when  comparing  episodes  of  homogeneity  with  the 

2 

synoptic  situation.  This  is  not  surprising;  since  Cn  values  are  so  sensitive 
to  changes  in  small  scale  quantities  such  as  the  air-sea  temperature  differ¬ 
ence  one  would  expect  local  factors  to  play  an  important  part  in  homogeneity. 


AREAL  AND  SECTOR  HOMOGENEOUS  PERIODS 


v'XT-T-.’kV' 


In  view  of  the  above,  several  quantities  were  examined  using  the  hourly 

averaged  data  from  all  three  ships  in  the  JASIN  triangle  to  determine  which 

2 

factors  were  most  important  in  affecting  the  homogeneity  of  in  the  region. 

The  quantities  studied  included  gradients  along  each  sector  as  well  as  mean 
values  at  each  ship. 

For  each  ship,  the  mean  wind  speed  and  mean  air-sea  temperature  differ¬ 
ence  were  calculated  during  periods  of  sector  and  areal  homogeneity  and  non¬ 
homogeneity.  Gradients  in  wind,  air  temperature,  sea  temperature  and  air-sea 
temperature  difference  along  each  sector  were  also  calculated  for  the  same 

periods.  The  results  of  the  analysis  for  both  Cases  are  shown  in  Table  9. 

2 

The  most  important  factor  affecting  homogeneity  in  appears  to  be  the 

gradient  in  air-sea  temperature  difference.  The  other  factors  do  not  seem  to 

2 

have  a  great  influence  on  homogeneity.  Generally,  the  gradient  in  air-sea 
temperature  difference  was  less  than  .8C  per  200  km  during  times  of  homo¬ 
geneity  and  greater  than  1C  per  200  km  when  homogeneity  did  not  exist. 


Table  9 


Mean  Quantities  at  Each  Ship 


Areal  Study 

Homogeneous  j 

Non-Homogeneous 

ENDURER 

MURRAY 

METEOR 

CASE  1 

Wind  (m/s) 
Air-Sea  Temp(C) 

3.97  2.00 

-2.32  -1.61 

7.50  6.30 

-1.90  -2.36 

5.59 
-2  .08 

5.45 
-2  .41 

ENDURER 

HECLA 

METEOR 

CASE  2 

Wind  (m/s) 
Air-Sea  Temp(C) 

7.71  6.31 

-0.78  -0.78 

6.89  6.49 

0.01  0.03 

7.40 

-0.68 

6.19 

-0.36 

Sector  Study 

SECTOR  1 

Homogeneous { Non- Homogeneous 

ENDURER 

MURRAY 

CASE  1 

Wind  (m/s) 
Air-Sea  Temp(C) 

3.97  2.00 

-2.32  -1.61 

7.50  6.30 

-1.90  -2.36 

ENDURER 

HECLA 

CASE  2 

Wind  (m/s) 
Air-Sea  Temp(C) 

6.07  6.65 

-0.86  -0.72 

6.04  6.77 

-0.24  -0.17 

SECTOR  2 

Homogeneous  J Non-Homogeneous 

MURRAY 

METEOR 

CASE  1 

Wind  (m/s) 
Air-Sea  Temp(C) 

6.75 

-2.19 

5.50 

-2.29 

HECLA 

METEOR 

CASE  2 

Wind  (m/s) 
Air-Sea  Temp(C) 

6.74  8.45 

0.01  0.28 

7.3R  6.13 

-0.56  -0.34 

Table  9  Cont'd 


Mean  Quantities  at  Each  Ship  (Cont'd) 

Sector  Study  (Cont'd) 

SECTOR  3 


Homogeneous 

!  Non-Homogeneous 

ENDURER 

METEOR 

CASE  1 

Wind  (m/s) 
Air-Sea  Temp(C) 

3.68  2.00 

-2.04  -1.47 

5.76  5.30 

-2.03  -2.49 

ENDURER 

METEOR 

CASE  2 

Wind  (m/s) 

7.03  6.09 

7.34  5.76 

Air-Sea  Temp(C)  -0.74  -0.79  -0.54  -0.29 

Gradients  Along  Sectors  (x  200  m) 


Areal  Study 


Homogeneous ! Non-Homogeneous  Sector  1 _ Sector  2 _ Sector 


CASE  1 

Air  Temp(C) 

0.75 

1.96 

1.50 

1.63 

0.77 

0 

Sea  Temp(C) 

1.15 

1.20 

1.68 

1.68 

0.63 

0 

Wind  (m/s) 

3.53 

4.30 

1.91 

1.06 

1.62 

3 

Air-Sea  Temp(C) 

0.44 

1.07 

0.30 

0.37 

0.50 

1 

CASE  2 

Air  Temp(C) 

0.51 

0.64 

0.56 

0.79 

0.38 

0 

Sea  Temp(C) 

0.82 

0.92 

1.05 

0.97 

0.25 

0 

Wind  (m/s) 

2.19 

1.60 

1.42 

1.65 

1.55 

1 

Air-Sea  Temp(C) 

0.88 

1.10 

0.79 

1.00 

0.23 

0 

Sector  Study 

Homogeneous | 

Non-Homogeneous 

Sector  1 

Sector  2 

Sector 

CASE  1 

Air  Temp(C) 

0.75 

1.96 

1.58 

0.91 

0 

Sea  Temp(C) 

1.15 

1.20 

1.68 

— 

0.63 

0 

Wind  (m/s) 

3.53 

4.30 

1.38 

— 

2.07 

3 

Air-Sea  Temp(C) 

0.44 

1 .07 

0.35 

— 

0.60 

1 

CASE  2 

Air  Temp(C) 

0.62 

0.63 

0.62 

0.71 

0.42 

0. 

Sea  Temp(C) 

0.70 

1.02 

0.96 

1.02 

0.23 

0 

Wind  (m/s) 

1.57 

1.84 

1.70 

1.54 

1.61 

1, 

Air-Sea  Temp(C) 

0.80 

1.23 

0.76 

1.13 

0.34 

0, 

4.  CONCLUSIONS  AND  RECOMMENDATIONS 

Considering  first  the  results  of  the  REG  profile  portion  of  this  study, 

2  -15 

it  has  been  shown  that  light  turbulence  (values  of  C^  greater  than  10 
-2  /3 

m  )  occur  over  the  ocean  a  significant  percentage  of  the  time.  This  is 

true  of  all  REG  regimes  studied.  Profile  types  C  and  K  were  seen  to  have 

values  of  C ^  greater  than  10  ^  m  quite  often,  a  level  of  turbulence 

which  can  seriously  affect  the  performance  of  E0  systems. 

It  was  seen  that  certain  REG  regimes  (B  and  E&F)  have  more  sharply 

2 

peaked  distributions  than  other  regimes.  The  range  of  C  values  between  the 

n 

25th  and  TS1"*1  percentile  for  these  regimes  is  smaller;  it  may  be  easier  to 

predict  expected  values  for  these  categories  than  other  REG  profiles. 

No  diurnal  trend  was  found  in  any  REG  category  in  either  the  mean 
2 

values  of  Cn  over  the  ocean  or  the  largest  value  encountered  on  an  hourly 

basis.  The  largest  values  were  found  to  occur  with  REG  types  C,  D  and  K. 

2 

Profile  K  also  had  the  greatest  mean  values  of  C  when  the  data  were  examined 

n 

hour  by  hour.  There  was  no  apparent  difference  in  the  hourly  mean  values  for 
types  B,  D  and  E&F.  There  was  not  enough  data  for  categories  C  and  J  to  make 
any  conclusions  about  their  hourly  mean  values. 

Based  on  the  above  results  it  is  concluded  that  the  REG  does  not  con¬ 
tain  enough  detail  to  consistently  separate  periods  of  differing  levels  of 

2 

optical  turbulence  as  reflected  by  values  of  for  every  REG  category. 

7 

However,  the  REG  can  be  useful  in  predicting  ranges  and  expected  values  of  C  ' 


for  certain  groups  of  REG  regimes  as  discussed  above  (e.g.  profiles  C  and  K 

2  ”1.4  ”2  /3 

were  associated  with  C  values  greater  than  10  m  more  often  than  were 

n 

2 

other  profiles).  More  local  factors  must  be  included  in  a  detailed  C 


prediction  scheme. 


'.'W,vyv 


I 

2 

In  examining  the  horizontal  homogeneity  of  surface  layer  Cn  it  was 

found  that  homogeneity  can,  rarely,  persist  in  an  area  the  size  of  the  JASIN 

triangle  for  more  than  9  hours;  it  can  occasionally  last  for  l  to  2  days  along  * 

2 

a  200  km  sector.  Horizontal  homogeneity  of  Cn  seems  to  be  affected  mainly  by 

gradients  in  air-sea  temperature  difference  along  a  sector. 

It  might  be  valuable  to  further  investigate  the  causes  of  horizontal 

2 

homogeneity  of  surface  layer  ,  considering  the  number  of  homogeneous 


episodes  which  were  found  to  persist  for  up  to  half  a  day. 
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Appendix  A 


Table  Al  lists  the  REG  category  which  applied  in  the  experimental  area 
for  individual  days  of  each  experiment  studied. 

Table  Al 


REG 

Classification 

of  Individual 

Experimi 

Experiment 

Date 

REG  Profile 

Experiment 

Date 

KANE  (1978) 

1  Mar 

B 

CTQ  (1979) 

2  Jun 

2  Mar 

B 

3  Jun 

3  Mar 

B 

4  Jun 

4  Mar 

B 

5  Jun 

5  Mar 

J 

6  Jun 

6  Mar 

B 

7  Jun 

7  Mar 

B 

8  Jun 

8  Mar 

B 

9  Mar 

B 

ARB  (1977) 

19  Jul 

10  Mar 

B 

20  Jul 

11  Mar 

B 

21  Jul 

12  Mar 

B 

22  Jul 

13  Mar 

B 

23  Jul 

14  Mar 

B 

24  Jul 

15  Mar 

B 

25  Jul 

26  Jul 

MAGAT  (1980) 

28  Apr 

E 

29  Apr 

E 

MABLE  (1978) 

31  Jul 

30  Apr 

D 

1  Aug 

1  May 

E 

2  Aug 

2  May 

D 

3  Aug 

3  May 

D 

4  Aug 

4  May 

D 

5  Aug 

5  May 

E 

6  Aug 

6  May 

D 

7  Aug 

7  May 

D 

8  Aug 

8  May 

E 

9  Aug 

9  May 

E 

10  Aug 

1 1  Aug 

CEWCOM-78 

14  May 

E 

12  Auk 

REG  Profile 


B 

B 

B 

B 


Table  A1  Cont’d 


Experiment  Date _ REG  Profile  Experiment  Date  REG  Profi 


JASIN  13  Jul  D 

14  Jul  D 

15  Jul  D 

16  Jul  D 

17  Jul  K 

18  Jul  D 

19  Jul  K 

20  Jul  D 

21  Jul  J 

22  Jul  K 

23  Jul  K 

24  Jul  K 

25  Jul  K 

26  Jul  K 

27  Jul  K 

28  Jul  K 

29  Jul  K 

30  Jul  D 

31  Jul  n 

1  Aug  D 

2  Aug  D 

3  Aug  D 

4  Aug  D 

5  Aug  K 

6  Aug  D 

7  Aug  D 

8  Aug  D 

9  Aug  B 

17  Aug  D 

18  Aug  K 

19  Aug  K 

20  Aug  K 

21  Aug  K 

22  Aug  D 

23  Aug  D 

24  Aug  D 

25  Aug  D 

26  Aug  D 

27  Aug  D 

28  Aug  D 

29  Aug  D 

30  Aug  D 

31  Aug  D 

1  Sep  D 

2  Sep  J 

3  Sep  K 

4  Sep  J 

5  Sep  D 

6  Sep  D 


JASIN  (1978)  7  Sep  J 

8  Sep  K 

9  Sep  D 

1 0  Sep 

11  Sep 

12  Sep 

13  Sep 

14  Sep 


CEWC0M-76  23  Sep  D 

24  Sep  D 

25  Sep  E 

26  Sep  E 

27  Sep  E 

28  Sep  E 

29  Sep  K 

30  Sep  K 

1  Oct  K 

4  Oct  D 

5  Oct  E 

6  Oct  F 

7  Oct  F 

8  Oct  F 

9  Oct  F 

10  Oct  E 

11  Oct  E 

12  Oct  F 

STREX  (1980)  6  Nov  J 

7  Nov  K 

8  Nov  K 

9  Nov  K 

10  Nov  K 

11  Nov  K 

12  Nov  K 

13  Nov  D 

14  Nov  K 

15  Nov  K 

16  Nov  K 

17  Nov  K 

18  Nov  D 

19  Nov  K 

20  Nov  B 

21  Nov  B 

22  Nov  K 

29  Nov  P 

30  Nov 


[H 


n  o 
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